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Abstract 
In the extended researches for suitable parameters of the project "Thermoacoustic solar stirling cooling" by University of 
Damascus, early software were developed to be the core for sizing Thermoacoustic cooler, including the modeling equations for 
design. Since prime mover were also required, it was necessary to develop a design strategy, aided with software, in order to 
allow the usage of low technology especially in stack fabrication, as well as to achieve building large sized tunnel. In this paper, 
the prime mover design strategy was developed to obtain new software for sizing a Thermoacoustic prime mover that would 
simply be built manually. Working gases included are air, helium, hydrogen and argon. To find the impact of the desired values 
of parameters, this software was used. Porosity or stack spacing, mean temperature, and temperature gradient over the stack were 
shortly discussed. Some parameters like the Heating capacity, mean pressure, and stack spacing were chosen to fit the needs, 
fabrication, and simplicity requirements. The software output sizes have achieved Makoto's et al. argon prime mover, S.M.Mehta 
et al., Limin's et al., and some other prime movers. The results obtained from the software have been compared to the results 
acquired from DeltaEc Software. 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of the Euro-Mediterranean Institute for Sustainable Development (EUMISD). 
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1. introduction 
Projects of building friendly environmental Devices based on "Thermoacoustics" for the General laboratories in 
the Faculty of Mechanical and Electrical Engineering in Damascus University is running. The projects are 
thermoacoustic refrigerator, thermoacoustic prime mover, and pulse tube cooler. One, consist of a fixed prime 
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mover attached to refrigerator, which in turn is attached to a modulating driver that is driven by a computer which 
generates an electronic sinuous wave with specific parameters. The prime mover must fit the refrigerator needs. 
Geometrical sizes of the Prime mover vary and it depends on several parameters and variants.  The thing enforce the 
project to develop a strategy and software helping in calculating any desired prime mover sizes to be manufactured. 
Standing wave prime mover was chosen. Then software was written with aid of VB9 to achieve the fabrication 
needs, and variant parameters.  Standing wave prime mover can generally be divided into three parts. These parts 
are known as resonator, stack, and heat exchangers. Common thermoacoustic driver parts are shown in Figure (1). 
However, there are other models [5]. The driver creates either a standing or travelling wave in. The wave created is 
generally at or near the resonant frequency of the resonator in which the wave oscillates. The stack is located within 
the resonator and serves in creating more surface area across which the Thermoacoustic effect can take place. 
Finally, the heat exchangers are used to sink heat from a hot region and reveal the rest of it to the outside. Russel 
[12] describes a cheap and easy way to build thermoacoustic device. Tijani published a paper describing the process 
used to design a thermoacoustic device from scratch in details. The project we are working on is being testing. The 
stack required a higher technology which is not available. Alternative solution are exist, one is bigger spacing. In 
this paper the equations that been used in the software are reviewed. Air with the specific pressure of 0.1 [MPa], is 
our aim. Other cases may be sized with aid of the software. 
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Figure.1: Essential parts of a thermoacoustic driver 
2. Working Gas thermo physical Properties 
Based on the National Institute of Standard and Technology (NIST) Data [9], the polynomial equations which 
describe thermo physical properties for Air, Hydrogen, Helium, Argon, as a function of tm and pm, are: 
U=f1(pm,tm), cp= f2(pm,tm),  J= f3(pm,tm), O= f4(pm,tm), P= f5(pm,tm), pr= f6(pm,tm) ,a= f7(pm,tm). 
3. Column Resonance 
The resonant frequencies of a column depend upon the speed of sound in, as well as the length and geometry of 
the column. Longitudinal pressure waves reflect from either closed or open ends to set up standing wave patterns. 
Important in the visualization of these standing waves is the location of the nodes and antinodes of pressure and 
displacement for the working gas in the columns. A cylindrical column with both ends open will vibrate with 
a fundamental mode such that the column length is one half the wavelength of the sound wave. Each end of the 
column must be an antinode for the gas motion since the ends are open to the atmosphere and cannot produce 
significant pressure changes. For the fundamental mode, there is one node at the center. 
f1=vsound/2L
L=O/2
Fundamental
 
Figure 2: Open column harmonics 
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The basic wave relationship leads to the frequency of the fundamental: 
L
Vf sound
2
1    (1) 
The open air column can produce all harmonics. Open cylinders are employed musically in the flute, 
the recorder, and the open organ pipe. A closed cylindrical column will produce resonant standing waves at a 
fundamental frequency and at odd harmonics. The closed end is constrained to be a node of the wave and the open 
end is of course an antinode. This makes the fundamental mode such that the wavelength is four times the length of 
the column. The constraint of the closed end prevents the column from producing the even harmonics. 
f1=vsound/4L
L=O/4
n=3, 3f1
n=5, 5f1
Odd
harmonics
only
 
Figure 3: closed column harmonics 
As can be seen from a sample waveform fig.(3), the even harmonics missing from the tone, at least for the lower 
range of the instrument.  
4. design Strategy 
The developed strategy is based on Thermoacoustics modified to fit the requirements; and it contains the 
essential parts: stack, resonator, heat exchangers, and conducted driver. The strategy is shown in figure (4) 
 
Figure.4: design strategy of a thermoacoustic driver 
4.1.  STACK  
Stack is the most important item in the thermo acoustic device, and the hardest one to be designed. The stack 
material must have low thermal conductivity ks and heat capacity cs larger than the heat capacity of the working gas, 
cp. Therefore "mica" is chosen as it has low heat conductivity, Ks = 0.528 [W.m-1°C-1], Cs=0.084 [KJ/Kg°C], and it 
can handles high temperatures. There are many types of stack; parallel, circular, pin array, triangular etc. For 
simplicity of fabrication; the parallel plate's type of stack was chosen. For this type of stack we have: rh = yo . 
The thermal penetration depth (įk) and viscous penetration depth (įv) are given by: 
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Where: K = Gas thermal conductivity, ȡm = Gas density, cp = Gas heat capacity, and Ȧ = 2ʌf   angular frequency 
where: f = Operating frequency, ȝ = Gas Viscosity. 
For parallel plates stack lm(-fk) has a maximum coinciding with "rh/įk = yo/įk = 1.1" [1]. Wheatley [4] stated 
that in order not to alter the acoustics field, a spacing of 2įk to 4įk preferred to be used. yo/įk = 1.1 were chosen. 
Hence: 
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The blockage ratio (or porosity of the stack) B is given by: 
ly
yB

 
0
0   (4) 
Where: l = Half stack plate thickness, and yo = half plate spacing. 
The relation amongst the values of COP, normalized stack center, and normalized stack length, COPo xn, Lsn. 
This can be described by the following two equations of 3rd order [6]: 
Lsn = f(COP)= -0.22227785 * (Cop) 3 + 1.0262979 * (Cop) 2 - 1.8810803 * (Cop) + 1.4368545 (5) 
xn = 0.44851181 * (Lsn) 3 - 0.86644294 * (Lsn) 2 + 1.1625378 * (Lsn) - 0.0070506418 (6) 
The relations between Normalized stack operations and stack operations are: 
Lsn=k Ls, xn= kxs, 
a
k Z   (7) 
Where: Lsn = normalized stack length, Ls = Stack length, xn = normalized stack center, xs = stack center, k: 
Wave number, Ȧ = angular frequency and a = sound velocity 
The dimensionless Heating power is given by:
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Where: Qhn = Dimensionless / Normalized heating power, PmPo /D  : = Drive ratio, Where:  Po = Dynamic 
Pressure, and Pm = Average Pressure, įkn = Normalized thermal penetration depth, Ȗ = Ratio of isobaric to 
isochoric specific heats, and Pr = Prandtl Number. 
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A dimensionless parameter is the ratio of the temperature gradient along the stack and the critical temperature 
gradient: 
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Where: ǻTmn = Normalized Temperature difference, and Lsn = Normalized stack length. 
AaPmQhQhn /   (12) 
Where: Qh= heating power, Pm= Average Pressure, a = sound velocity, A = Stack cross sectional area. 
Consequently: 
 aPmQhnQhA ../   (13) 
The dimensionless acoustics power is given by:
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Where: Wn = Dimensionless / Normalized acoustic power, and W= Acoustic Power. 
4.2.  Resonator: 
The resonator is designed in order that the length, weight, shape and the losses are optimal. The resonator has to 
be compact, light, and strong enough. The shape and length are determined by the resonance frequency and minimal 
losses at the wall of the resonator. The cross-sectional area A of the resonator at the stack location is determined in 
the preceding Section. The resonator can have a Ȣ/2 or a Ȣ/4-length. The acoustic power for parallel plates stack is 
given by [1], where 3 = Stack perimeter: 
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The viscous and thermal relaxation dissipation losses take place in the penetration depths, along the surface of the 
resonator. In the boundary-layer approximation, the acoustic power lost per unit surface area of the resonator is 
given by (Eq.(19) with ī = 0). A O/4-resonator will dissipate only half the energy dissipated by O/2-resonator. Hence 
a O/4-resonator is preferred. Hofler [7] stated that the O/4-resonator can be further optimized by reducing the 
diameter of the resonator part on the right of the stack. As a result, total loss has a minimum at about:  
1022   Tareq Konaina et al. /  Energy Procedia  50 ( 2014 )  1017 – 1026 
D2/D1 =0.54  (17) 
Hofler [7] and Garrett [8] used a metallic spherical bulb to terminate the resonator. The sphere had sufficient 
volume to simulate an open end. The calculation optimization of the half-angle of the cone for minimal losses is 
found to be 9o, [11]. 
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The lengths of the large parts of resonator are given by: 
1.22 x+Ls/xl s #   (20) 
Where: l is the length of the large diameter tube. The superscript (1) refers to the large diameter tube (1), 
and p(1) is the dynamic pressure amplitude at the driver location (antinode). Pressure and velocity in the 
small diameter tube (2) (in case of existence) are given by: 
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Where: Lt is the total length of the resonator, and subscript (2) refers to the small diameter tube. 
At the interface between the two parts at x = l, where l is the length of the large diameter tube (1), the 
pressure and the volume flow have to be continuous, this can be summarized by saying that the acoustic 
impedances have to match at the junction, thus: 
Z(1)(l) = Z(2)(l).  (22) 
But 
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Then, the resonance condition is: 
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 k(k l)DDanlLt /cot1/2at 2   (25) 
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Where: D1 = Diameter of large tube (stack side), D2 = Diameter of small tube (when using tapered resonator). 
4.3.  Heat exchangers 
Heat exchangers are needed to transfer the heat of the thermoacoustic process. The design of the heat exchangers 
is a critical task in Thermoacoustics. The whole resonator part (the left side of the stack in Fig. 1) warms up. 
4.3.1. Cold heat exchanger 
The cold heat exchanger is necessary for a good thermal contact between the cold side of the stack and the small 
tube resonator (in case of existence). The length of the heat exchanger is determined by the distance over which heat 
is transferred by gas. The optimum length corresponds to the peak-to-peak displacement of the gas at the cold heat 
exchanger location. The displacement amplitude is given by: 
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The optimum length of the cold heat exchanger is thus ~2x1. To avoid entrance problems of the gas when leaving 
the stack and entering the cold heat exchanger or vice versa (continuity of the volume velocity), the porosity of the 
cold heat exchanger needs to match the porosity of the stack. For that, the same blockage ratio is used in the design 
of the cold heat exchanger. Acoustic power is also dissipated in the cold heat exchanger. Eq. (16) can be used to 
estimate the dissipated power. Substituting the position of the cold heat exchanger xn, the length Lsn, and *= 0 
(uniform mean temperature), we find that the cold heat exchanger will dissipate Wcht 
4.3.2.  Hot heat exchanger 
The hot heat exchanger is needed to supply the heat needed by the stack. Since the hot heat exchanger will 
exhaust nearly twice the heat supplied by the cold heat exchanger, the length of the hot heat exchanger should be 
twice that of the cold heat exchanger. Substituting the position of the hot heat exchanger xn, the length Lhn and *= 
0, we obtain the acoustic power dissipated in the hot heat exchanger Whht. 
4.4.  Acoustic driver 
The produced wave (or the total produced acoustic power) by transferring heat in the stack dissipated in the 
different parts, thus: 
Wt=Ws-Wres-Wchx-Whhx  (27) 
Taking into account the power dissipated in the different parts, the performance of the whole refrigerator can be 
calculated by: 
COPt =Wt/ Qh  (28) 
This value must be lower than the stack alone (COPs) 
5. Software 
The software was developed in VB9. The interface is shown in figure (5). There is one form, for data input, and for 
outputs data (results). As seen in figure, the software has two command buttons: The command button named "Auto 
calc" calculates and sizes the Prime mover with the specific Gas plugged in the Input. Covering all ranges of 'tm, f, 
and B for the desired heating capacity, drive ratio, and mean temperature. The results will be saved in a ".txt" file 
named by the gas and heating capacity. Actually, calculation will take a while. 
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Figure 5: interface form showing desired Parameters used to calculate prime mover sizes 
6. Results 
The desired gas is Air, Drive ratio is 0.03, mean temperature is 25 [Co], the temperature gradient is:  340 [Co], 
and Mean pressure is 0.1 [MPa]. The resulting data were graphed, and the graphs are shown in figures (10, 11, 12, 
and 13). Other cases may be served by the software, and will be discussed in other papers. Impacts of the related 
parameters were as seen in the following figures. As seen in figure (6), Temperature gradient has a major impact on 
COPt when porosity is high, the lower porosity, the lower impact. Porosity less than 0.3 may be used for 
temperature gradients less than 100 [C], similar results were founded by [5] and [6]. Frequency has no major impact 
on COPt (figure (7)). Gas pressure has major Impact when B is higher, figure (10,8), the higher Gas pressure the 
lower resonator diameter. Approximated "D" relation as a function of "B" and "mean pressure" would be: 
D=(-1.5648*B^2+7.6484*B+1.2599)*P^(0.00385*B^2+0.00475*B-0.47905) (29) 
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Figure 6: Output for calculated "COPt" as a function of "'tm" for all range of B when: Gas= Air, and tm=25 [C]. 
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COPt=f(f,B)
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Figure 7: Output for calculated "COPt" as a function of "f" for all range of B when: Gas= Air, 'tm=320 [C], and tm=25 [C]. 
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Figure 8: Output for calculated "COPt" as a function of "p" for all range of B when: Gas= Air, 'tm=320 [C], and tm=25 [C]. 
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Figure 9: Output for calculated "D" as a function of "p" and "'tm" for B=0.1 when: Gas= Air, and tm=25 [C]. 
An approximated "D" relation as a function of "temperature gradient" and "mean pressure" for "B=0.1" is useful 
in quick estimating resonator diameter, it is: 
D=40.613988*('tm)^(-0.52081599)*P^(-(0.00080487927*LN('tm)+0.47364758)) (30) 
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Figure 10: Output for calculated "D" as a function of "Pm" and "B" when: Gas= Air, f=160Hz, 'tm=340 [C], and tm=25 [C]. 
7. Conclusion 
Every blockage ratio has a temperature gradient that affects the operation mode (prime mover – refrigerator). The 
higher "B" is, the higher "'tm" is. "*" is the parameter which determines the transient range. The resonator diameter 
affected immediately by gas pressure, temperature gradient, and porosity. But, the pressure is the main factor 
because of dD/dp>dD/d('tm). Air is good for each prime mover and heat pump. Pm has no impact on the 
performance of prime mover using "Air" with high porosities. But it has for prime movers with lower porosity. The 
lower "B" is, the higher the impact is. Same for temperature gradient, so it is good to use lower porosity for lower 
temperature gradients. Eq. 30 can be used in evaluation driver diameter. Actually prime movers useless in case of 
not pressurized.  
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